Introduction
As the utilization of coal fly ash (FA) produced from thermal power station, synthesis of zeolite from FA has been extensively attempted by hydrothermal treatment with alkaline aqueous solution. Thus obtained FA-zeolite is useful as adsorbents for harmful heavy metal ions, ammonium ions, phosphate ions and so on. So far, NaOH aqueous solution has been mainly used as a conversion reagent of FA to the zeolites and there have been a number of reports on formation of various zeolites from FA.
1)-5) On the other hand, a few works have been made on FA-zeolite synthesis with KOH aqueous solution.
6)-8) Querol et al. reported that 1 mol dm -3 KOH treatment of FA at 200°C (1.6 × 10 6 Pa) and 3 mol dm -3 treatment at 150°C (4.8 × 10 5 Pa) for 24-48 h gave Ψ-phillipsite (K-M zeolite; K2Al2Si3O10·3H2O) and linde F (K-F zeolite; K2Al2Si2O8·3H2O), respectively. 6) Amrhein et al. reported that Ψ-chabazite (K-G zeolite; K2Al2SinO2n+4·xH2O) was formed when FA was treated with 3 mol dm -3 KOH in a capped Teflon tube at 100°C for 3 d. 7) Murayama reported similar results, 8) in which Ψ-chabazite was formed by the treatment of FA with 2 mol dm -3 KOH in an autoclave at 120°C for 24 h. It is, however, still unclear how FA-derived zeolite phases change depending on synthetic conditions of the KOH hydrothermal treatment. In the present study, the effects of synthetic conditions of the KOH treatment on the formation of FA-zeolite were examined. Several characterization was also made on the FA-zeolite formed in this work.
Experimental procedure

Zeolite synthesis
The chemical composition of coal fly ash (FA) used in this work is shown in Table 1 . FA-zeolite was hydrothermally synthesized as follows. The KOH aqueous solution (2-8 mol dm -3 , 10-200 ml) was added to FA (2 g) in a separable flask and the solution was refluxed with stirring at 25-95°C under the opened system (atmospheric pressure: 1.01325 × 10 5 Pa) for 1-48 h. The obtained products were washed with distilled water and dried at 100°C for 24 h. The basic reaction conditions for zeolite synthesis were 5 h, 95°C, 8 mol dm -3 and 50 ml for reaction time, temperature, and KOH concentration and volume, respectively. When one condition was changed, the other conditions were unified into the basic conditions described above.
Characterization of FA-zeolite
The phase formed after reaction and its amount in the product were examined by powder X-ray diffraction (XRD; Rigaku Co., RINT-2000) . The relative amount of zeolite in the product was determined with rutile-type TiO2 as an internal standard. The 10 mass% of rutile powder was added to each sample, and the ratio of the intensity of the specific zeolitic peak to that of rutile (110) peak, Izeolite/Irutile, was regarded as an amount of zeolite formed. The morphology of the FA-zeolite was observed by scanning electron microscope (SEM; HITACHI, Ltd., S2500-CX). The thermal behavior of the FA-zeolite was examined by TG-DTA analysis (Rigaku Co., ThermoPlus TG8120). The measurements were done from room temperature to 1000°C at a heating rate of 10°C min -1 . The N2 adsorption isotherm was measured for the FA-zeolite (Quantachrome AUTOSORB-1). Prior to measurements, the sample was outgassed at 100°C for 3 h. The BET specific surface area and pore size distribution of the FA-zeolite were calculated from the isotherm curve. The cation exchange capacity (CEC) of FAzeolite was measured for the sample treated with 8 mol dm -3 KOH at 95°C for 48 h. In this sample, the exchangeable sites were assumed to be almost completely occupied by K + ions. The K + ions in the sample were extracted with 1 mol dm -3 NaCl solution and the concentration of K + ions extracted was measured by atomic absorption spectrometry (HITACHI, Ltd., Z-5000). The CEC was determined as the K + concentration extracted. Figure 1 shows the powder XRD patterns of the original FA and KOH-treated FA. The original FA is comprised of α-quartz (SiO2), mullite (3Al2O3·2SiO2) and amorphous glassy phase. The broad halo in the XRD pattern due to the glassy phase disappeared within 2 h-treatment owing to its rapid dissolution to the KOH solution.
Generally, the XRD peaks for α-quartz and mullite decreased with increasing reaction time, temperature and KOH concentration. These results indicate that not only the glassy phase but also the crystalline phases i.e. α-quartz and mullite reacted with KOH solution to dissolve into the solution, although the dissolution rate of both crystalline phases are lower than that of the glassy phase.
The XRD patterns of 5 h-and 48 h-treated specimens show the formation of linde F-type (K-F) zeolite. The peak intensity of the linde F zeolite was stronger in the 48 h-treated specimen than in the 5 h-treated one. A small peak due to kalsilite (KAlSiO4) phase is also detected at 34.4° in 2θ in the XRD pattern of 48 h-treated specimen. The linde F-type zeolite was first reported by Barrer and Baynham. 9),10) In their work 9),10) the zeolite was formed from K2O-Al2O3-SiO2-H2O gel containing excess KOH in some synthetic conditions. Figure 2 shows the amount of zeolite formed as a function of reaction time. It is found that linde F zeolite starts to form at 2 h and its amount increases with increasing reaction time. While the amount of the zeolite formed drastically increases up to 5 h, it gradually increases after 5 h. Judging from the powder XRD pattern ( Fig. 1) , only a small amount of α-quartz and mullite are remained in the sample treated for 48 h. This result indicates that most of the α-quartz and mullite phases dissolved into the KOH solution due to longer reaction time, 48 h.
Although the amount of the zeolite increases with increasing reaction time, it is seen that the rate of formation clearly decreases over 5 h. Such a slowdown of the zeolite formation might be ascribed to the slowdown of dissolution of silica and alumina components from FA. While amorphous glassy phase in FA almost dissolved out within 2 h, crystalline α-quartz and mullite phases gradually dissolved up to 48 h, because of more chemical durability of the latter. The higher rate of zeolite formation before 5 h is therefore attributed to rapid increase in concentration of silica and alumina dissolved from glassy phase.
FA-zeolite formation is generally initiated by the heterogeneous nucleation on the sphere-like FA particles as substrates. This might be the case for the formation of the linde F zeolite in this work. As described above, most reactive phase in the FA particles with alkaline KOH solution is amorphous glassy phase. Since the siloxane bond (Si-O-Si) constituting glass network is broken by the attack of OH -ions in the KOH solution, silica component dissolves into the solution with time. The amorphous alumina component in the glassy phase also dissolves into alkaline solution. In addition, the crystalline silica and alumina components in the crystalline α-quartz and/or mullite phases gradually dissolve out. Since such a dissolution of silica and alumina proceeds from the surfaces of the FA particles, the concentrations of silica and alumina locally increase nearby the surfaces of the FA particles. The increase in local concentrations of silica and alumina raises the degree of supersaturation and then the nucleation of the zeolite crystal is induced on the surfaces of the FA particles. Once the zeolite nuclei are formed, they grow by incorporating the silica, alumina and alkali (potassium ions in this case) components in the solution. Figure 3 shows the amount of zeolite formed as a function of reaction temperature. While no linde F zeolite is formed at temper- , 50 ml; t: 5 h; P: 1.01325 × 10atures below 75°C, it drastically starts to form at 85°C and its amount increases at 95°C. Since the synthesis was carried out under the opened system i.e. atmospheric pressure in this work, the evaporation of the solution was so significant over 100°C that the synthesis at that temperature was not able to be properly completed in spite of using a refluxing condenser. The increase in temperature would enhance the dissolution of constituents from the FA particles and the subsequent formation of the zeolite crystal.
Here it should be noted that the change in reaction temperature possibly affects the kind of zeolite phase formed. In fact, the change in the reaction temperature is known to produce the different kinds of zeolite in the case of NaOH treatment of FA.
2)-5)
In this work, no zeolite other than linde F zeolite was formed even if the temperature was varied in the range 25-95°C under atmospheric pressure. According to the previous work 9) , linde F (K-F) zeolite was formed from K2O-Al2O3-SiO2-H2O gel at temperatures between 85-150°C. This is consistent with the present result that linde F zeolite starts to form at 85°C and its amount increases at 95°C. No Ψ-chabazite (K-G) was, however, formed in this work, although it was formed from K2O-Al2O3-SiO2-H2O gel at 60°C 9) and from FA at 100-120°C. 7), 8) This discrepancy might be ascribed to the difference in the pressure in the reaction system. While the present work was carried out in opened system under atmospheric pressure, the other works were done in closed system with pressure-resistant reaction vessels. The latter experiments should have caused the increase in pressure, although the actual pressure was not necessarily mentioned. These results indicate that not temperature but the increased pressure is a decisive requirement for the formation of Ψ-chabazite. Figure 4 shows the amount of zeolite formed as a function of KOH concentration. No linde F zeolite is formed at the concentrations below 3 mol dm -3 . The linde F zeolite starts to form over 3.5 mol dm -3 and its amount increases with increasing KOH concentration. The rates of silica and alumina dissolution from FA would increase with increasing KOH concentration. This causes earlier nucleation and crystal growth of linde F zeolite, since the local concentrations of silica and alumina increase earlier in the vicinity of the surfaces of FA particles. It has been previously reported that the treatment with relatively low KOH concentration (2-3 mol dm -3 ) for long reaction time (1-3 d) produced the Ψ-chabazite. 7), 8) The treatment of FA with 2 mol dm -3 KOH at 95°C for 3 d, however, produced no zeolite in this work. This might also be due to atmospheric pressure used in this work, in contrast to higher reaction pressure in the previous works. Moreover, the difference in the composition of FA is possible to affect the zeolitic formation. It is known that Ψ-chabazite is formed in the range of starting composition with SiO2/Al2O3 = 3-7 in molar ratio.
9) The FA used in this work has the composition with SiO2/ Al2O3 = 3.3. On the other hand, the FA used in the previous works had the SiO2/Al2O3 of 4.4 and 4.2, respectively. 7),8) The lower SiO2/Al2O3 ratio in this work than in the previous ones would make it difficult to crystallize Ψ-chabazite. Figure 5 shows the amount of zeolite formed as a function of KOH volume ((solution / FA) ratio). The amount of linde F zeolite formed increases with increasing (solution / FA) ratio, and has the maximum at 25 ml g -1 . The amount of zeolite formed drastically decreases from this point and the zeolite is no longer formed at the ratio over 50 ml g -1 . These results are interpreted as follows. Although the rate of silica and alumina dissolution from FA increases with increasing (solution / FA) ratio, it reaches saturation at some ratio. Over the saturation point, excess KOH solution lowers the local concentrations of silica and alumina near the FA particles. Such a dilution of constituents required for zeolite formation would retard the nucleation of linde F zeolite on the surfaces of the FA particles.
Characteristics of linde F zeolite
The raw powder of coal fly ash, which is treated in this study, consists of sphere particles with smooth surface as reported previously.
11) Figure 6 shows the SEM photographs of FA-zeolite synthesized with 8 mol dm 12) The observed shape of the crystals is well consistent with this crystallography because the shape of the edge of the prism is square. Figure 7 shows the TG-DTA curves of the FA-zeolite. The small endothermic peak is observed at 62°C. This is attributed to dehydration of water adsorbed on the surfaces of the FA-zeolite. 
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The corresponding weight loss is observed in the TG curve. The gradual weight loss is also observed up to 1000°C. This is mainly ascribed to the combustion of residual carbon. 13) A small exothermic peak is observed at 678°C. Although the original sample was heated at 700°C for 1 h and subjected to powder XRD, no change was observed on the XRD pattern.
The specific surface area of the 48 h-treated FA-zeolite was 20.2 m 2 g -1 . Figure 8 shows the pore size distribution of the FAzeolite. According to the reference, the pore size of the linde F zeolite is about 0.26 nm. 12) Since the diameter of N2 molecule is 0.35 nm, the 0.26 nm-pore cannot be adsorbed with N2 gas molecules. Therefore, the obtained specific surface area, 20.2 m 2 g -1 , mainly reflects not inherent zeolitic pores but outer surface of the particles. The pore size distribution curve, which drastically increases from 0.4 nm to shorter distance, reflects the presence of major micropores smaller than N2 molecule. The cation exchange capacity (CEC) of the 48 h-treated FA-zeolite was 2.3 meq g -1 . Although there has been no report on the CEC of FA-derived linde F zeolite, Querol et al. reported that 23.1 mg g -1 (1.4 meq g -1 ) of ammonium (NH4 + ) ions was adsorbed on the FA-derived linde F zeolite. 6) Further study is needed in order to elucidate the adsorption of various harmful ions on linde F zeolite.
Conclusions
The coal fly ash (FA) were treated with KOH aqueous solution and the products formed at various conditions were examined. In this work only linde F zeolite was newly formed, except formation of a small amount of kalsilite at longer reaction time. The linde F zeolite was regular prism in shape and its size was 0.1 to 1 μ m in width and 1 to a few μ m in length. The specific surface area and cation exchange capacity of the FA-derived linde F zeolite were 20.2 m 2 g -1 and 2.3 meq g -1 , respectively. 
